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Three-Phase Custom Power Active Transformer for 
Power Flow Control Applications 
M. A. Elsaharty, Member, IEEE, J. Rocabert, Member, IEEE, J. I. Candela, Member, IEEE and Pedro Rodriguez, 
Fellow, IEEE 
This paper presents the three-phase Custom Power Active Transformer (CPAT), characterized by the 
integration of power electronics in a transformer to facilitate grid services. Such integration enables step-up/step-
down transformation between primary and secondary as well as shunt and series compensation services to the power 
system through a single transformer. The CPAT, can empower the grid with Flexible AC Transmission System 
(FACTS) and power quality services such as power flow control, reactive power compensation, active filter and 
voltage regulation through a single monolithic transformer. In this paper, designs of the three-phase CPAT are 
realized and analyzed based on their equivalent magnetic circuit as well as their structure requirements and 
constraints. Simulation analysis of the three-phase CPAT clarifies its capability to actively regulate power flow 
between the primary and secondary windings as well as achieve grid harmonic current compensation. Moreover, 
through real-time simulations and an experimental prototype, the merits and performance of the three-phase CPAT 
were further validated. 
Index Terms 
Power transformers, Magnetic circuits, Power control, Power Transmission 
I. INTRODUCTION 
The increase in peak customer demand of electrical energy, use of non-linear loads and increased line 
congestion, all have eventually affected power quality, system reliability, system stability and energy price [1]. In 
this regard, FACTS devices propose a high-performance and cost-effective solution for power system compensation 
demands. Such devices have proved to enhance and achieve better exploitation of transmission and distribution 
facilities [2]. In such compensation systems, the transformer is an essential element to adapt voltage levels between 
the power converter and electrical grid, as well as isolating both systems to avoid using complex power electronics 
structures [3]. Among the FACT devices, the Unified Power Flow Controller (UPFC) is the most versatile and 
powerful device in reduction of line congestion and increasing existing lines capacity [4]. However, typical 
transformer-based connection of a UPFC and other high power compensation devices presented in literature have 
required special bulky transformers to achieve the required isolation, VA rating and desired voltage waveform [5]. 
Among the most effective approaches to resolve such issues, is the use of transformer-less UPFC [6-7] or power-
electronics based transformers also known as the Smart Transformer [8-10]. A transformer-less UPFC configuration 
as well as the Smart Transformer, utilize a back-to-back converter configuration that provides robust dynamic 
control over power flow as well as auxiliary services to the grid using multilevel power-electronics topologies. 
Although such configurations have been commissioned and have successfully eliminated the requirement of bulky 
transformers [11-12], these configurations require complex power electronics structures and topologies, as well as 
power devices capable of supporting full load rated power/voltage [13]. 
Since the high-power transformers are an essential element in a power system to match the voltage level 
between different buses, it would be interesting to integrate in such a transformer series and shunt auxiliary 
connection to power electronics converters. Integration of both series and shunt transformers in a single power 
transformer would facilitate areas of the power system and the transformer itself with services in a single structure. 
Hence the structure would provide an isolated connection of fractional power converters to the system as well as 
reduce the footprint of the entire system, manufacturing cost and number of auxiliary equipment (tanks, bushings 
and protection), while providing the grid with series and shunt services. 
The integration of shunt and series windings in a transformer structure, would isolate the grid and compensation 
system as well as provide power conditioning services to the grid using off-the-shelf converters. This has been 
proposed in several high-power topologies such as the integrated Static Synchronous Compensator (STATCOM) 
transformer [14], wound rotor induction machine based power flow control [15], magnetic amplifier based power 
flow control [16] and a series-shunt combining transformer [17]. The approaches presented in [14-16] have either 
proposed a single type of compensation integration or are limited to one specific application. The Sen Transformer 
(ST)proposed in [17] incorporates series and shunt compensation in a single transformer. The ST uses tap changers 
to inject a compensation voltage to operate as a UPFC with certain degrees of freedom [18]. However, the ST 
presents several limitations including use of tap changers which introduces limitations in the degrees of freedom as 
well as its inability to provide extra services to the grid such as power quality enhancement. Moreover, ST is not 
adequate for fast dynamic control over power flow since control is provided through step changes [19]. 
The CPAT presented in [20] and [21], demonstrates the possibility of incorporating power electronics in a 
single-phase transformer to provide shunt and series power quality services to the load and grid. However, for 
practical applications, compensation systems are implemented in three-phase [22].  In [20], the concept of 
expanding the CPAT to multi-phase systems has been presented but not yet analyzed or implemented. 
This paper presents two three-phase CPAT configurations, one configuration uses three single-phase CPATs 
and another configuration uses a combined monolithic CPAT. The equivalent magnetic circuit of the proposed 
structures are presented and analyzed based on their operation constraints as well as manufacturing requirements 
compared to several three-phase compensation systems. Simulations of the proposed CPAT structures are evaluated 
for power flow control applications and elimination of transformer magnetizing current harmonics from the grid. 
Furthermore, experimental results on a stiff grid shows the capability of a CPAT to control power flow through its 
series winding as well as provide harmonics and reactive power compensation through its shunt winding. 
This paper is organized as follows: Section II introduces the CPAT structures, model and theory of operation for 
power flow applications, Section III presents the benefits, constraints and the applicability of a three-phase CPAT in 
different compensation systems, Section IV shows the simulation evaluation of both proposed three-phase CPAT 
structures for power flow control application, Section V evaluates the performance of a three-phase CPAT through a 
real-time simulation on a 5-bus benchmark power system and an experimental prototype platform. Finally, 
conclusions are summarized in Section VI. 
II. THEORY OF OPERATION OF A THREE-PHASE CPAT 
A. CONFIGURATIONS 
The concept of the CPAT is based upon the magnetic circuits theory which states that windings wound on the 
same core limb are equivalent to parallel electrical circuits, while windings wound over shunt core limbs are 
equivalent to series electrical circuits [23]. Using this principle, Fig.1 shows a single-phase CPAT construction with 
voltages and currents represented in the form vk, ik where k represents the winding number (k=1,2,3,4) [20]. In this 
configuration, the primary (v1) and secondary (v4) voltages are coupled through the flux (Φ) traveling in the core 
limbs and yokes. Meanwhile, shunt current (i2) and series voltage (v3) provide the shunt and series compensation 
services as discussed in [21]. The three-phase converter in Fig.1 operates as two single-phase converters (converter 
legs ‘a’ and ‘b’) with a common leg ‘c’. Leg ‘a’ is connected to the series winding through an LC filter with the 
output voltage controlled to achieve the required series winding voltage. Leg ‘b’ is connected to the shunt winding 
through an LCL filter with the output current controlled according to the required shunt winding current. The 
methodology presented in [24] is among the effective methods to control the common leg ‘c’ of the converter. 
The configuration can be further extended to three-phase applications by using three single-phase CPATs with a 
three-phase four wire back-to-back converter configuration shown in Fig.2. Each connection type (primary, 
secondary, series and shunt) consists of one winding per transformer connected in Y configuration. In Fig.2, 
voltages and currents are represented in the form vpk, ipk where p represents phase number and k represents the 
winding number. The shunt and series variables are represented with k=2 and k=3, respectively. Both neutral wires 
(n2, n3) are connected to the common point of the DC bus. 
To further integrate the configuration, the structure proposed in Fig.3 stacks the three CPATs on top of each 
other in a three-phase shell type monolithic structure. This integration of cores would share transformer yokes 
between each phase as well as reduce the setup footprint, tanks, bushings and protection equipment. Further 
clarification of the benefits of such configuration will be further clarified in Section III. 
Both three-phase configurations consist of two three phase converters in back-to-back configuration. Conv.1 is 
connected to the shunt windings through an LCL filter to regulate the current injected in each shunt winding. In this 
study, Conv.1 is responsible of regulating the DC bus voltage, controlling reactive power through the primary 
winding as well as eliminate its harmonic current components. A split-capacitor topology has been utilized for the 
later to facilitate triplen harmonics injection in the shunt winding. Moreover, the shunt converter would regulate the 
DC bus voltage (vdc1 and vdc2) to maintain system operation. Conv.2 is connected to the series windings through an 
LC filter to regulate the voltage injected in each phase winding. The operation of the series winding for power flow 























Fig. 1.  Single-phase CPAT configuration. 
 
Fig. 2.  Three-phase CPAT configuration. 
 
Fig. 3.  Three-phase shell-type CPAT configuration. 
B. MODELLING 





















































































































Considering low frequency responses as the primary concern in FACTS applications, the conventional magnetic 
circuit based model is adopted to obtain a topologically correct equivalent model [21]. By discretizing the magnetic 
flux paths in the core of Fig.1, the equivalent model shown in Fig.4(a) can be deduced. Fig.4(a) consists m number 
of limbs and k winding types with k=1(primary), 2(shunt),3(series),4(secondary). Fluxes present in this circuit are 
characterized as core linkage fluxes (Φcm), winding fluxes (Φk), leakage fluxes per winding (ΦLk) and core leakage 
flux (Φ0). Core limbs and yokes are represented by non-linear reluctances ℜY and ℜL with a value calculated based 
on the B-H characteristics of the core material. A non-linear reluctance is modeled as a controlled magneto-motive 
source in a closed-loop between input flux and output magneto-motive force (F) as shown in Fig.4(b). This model 
would produce an opposing magneto-motive force based on the limb/yoke length (l), area (A) and the core B-H 
characteristics. Meanwhile, winding leakage reluctances (ℜk) as well as core leakage reluctance (ℜ0) are represented 
by linear reluctances. Leakage reluctances are evaluated based on dimensions as in (1) using the flux path length, 
mean area and relative permeability of air(µ0=4π10-7). The flux generated by each winding is linked to a winding 
electric circuit shown in Fig.4(c) to model winding losses and core equivalent losses. For any applied winding 
voltage (vk), the equivalent transformer winding currents (ik) is dependent upon winding resistance (Rk), equivalent 
core loss resistance (Rc) and effective winding current (iek).  The effective current is calculated based on the effective 
magneto-motive force (Fk) of the winding and number of turns (Nk) as shown in Fig.4(c). Whereas, the winding flux 




  (1) 
It is worth to be noted that to overcome algebraic loops due to the coupling between electric, magnetic and non-
linear reluctance circuit, a one-simulation-step-time delay is applied. However, such an approach should be 
considered with high sampling-rate to avoid numerical oscillations. 
 
Fig. 4.  Magnetic circuit model of a single-phase CPAT. (a) Core magnetic circuit, (b) non-linear reluctance model 
and (c) winding electric circuit model. 
Using duality transformation [25], the equivalent electric circuit shown in Fig.5 can be deduced from Fig.4. The 
equivalent non-linear core parameters (Ren, Len) are modeled in series rather than in parallel to reduce the number of 
loop currents and simplify the derivation of equivalent state-space model. The primary and secondary limbs core 
parameters (Re1, Le1 and Re3, Le3) are equivalent to one limb and two yoke impedances whereas the series limb 
parameters (Re2, Le2) is equivalent to one limb impedance. It can be preliminary observed that the equivalent electric 
circuit shown in Fig.5 consists of a parallel branch to the primary and a series branch between the primary and 
secondary. It should be noted that core impedances are typically large due to the low equivalent core reluctance of 
each core limb and yoke. Meanwhile, leakage impedances are significantly lower than core impedances. Therefore, 
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Fig. 5.  Equivalent electric circuit of a single-phase CPAT. 
2. THREE-PHASE SHELL TYPE CPAT 
In a three-phase system consisting of three single-phase CPATs as in Fig.2, the CPATs are not coupled 
magnetically to one another and the equivalent model would be a repetition of the single-phase model shown in 
Fig.4. The three-phase shell-type CPAT shown in Fig.3, stacks three single-phase CPATs on top of each other such 
that each phase shares a common yoke with another phase. The equivalent magnetic circuit shown in Fig.6 is 
represented by fluxes (Φpk, ΦLpk, ΦYpm, Φcpm), magnetomotive forces (Fpk), linear reluctances (ℜpk, ℜ0) and non-
linear reluctances (ℜY1, ℜY2) such that p is the phase number, k is the winding number and m is the limb/yoke 
number. It should be noted that according to this design, the common yokes (ℜY2) are initially assumed double the 
size of the outer yokes (ℜY1) such that the core structure is equal to three single-phase CPATs. Core flux paths are 
divided into common yoke fluxes (ΦYpm) and limb fluxes (Φcpm). The effect of the shared yokes can be realized in 
the equivalent electric circuit shown in Fig. 7 where the shared yoke impedance can be observed between phase 1,2 
(RY1, LY1, RY2, LY2) and between 2,3 (RY3, LY3, RY4, LY4). Each of the equivalent parameters Re11, Le11, Re13, Le13, Re31, 
Le31, Re33 and Le33 represent one limb and yoke. The parameters Re12, Le12, Re22, Le22, Re32, Le32, Re21, Le21, Re23 and Le23 



























Fig. 6.  Equivalent magnetic circuit of a three-phase shell type CPAT. 
 
Fig. 7.  Equivalent electric circuit of a three-phase shell type CPAT. 
 Due to the complexity of the circuit shown in Fig.6 and Fig.7, only the magnetic-circuit model is taken into 
consideration in this paper since the circuit consists of 26 states which is too complex to realize. Therefore, analysis 
based on the applicability and operation capability of this transformer is taken into consideration in this paper. In 





































































































































By analyzing a single-phase CPAT in power flow applications, the other phases can be considered a repetition. 
In this analysis, it is assumed that the single-phase CPAT shown in Fig.4(a) is connected to a stiff grid on primary 
and secondary windings, i.e. v1 and v4 are constant. Hence, neglecting the effect of winding and core loss resistance, 
Φ1 and Φ4 would be constant as well. Meanwhile, F1, F2 and F4 are variable depending on the current in their 
respective winding. With a fixed flux through the core between the primary and secondary, the flux Φ3 would be 
responsible of changing the magneto-motive force of the central limb which results in a change in the primary and 
secondary magneto-motive forces. The following analysis would further clarify this state of operation of a CPAT. 
Using Gauss’s law and Ampere’s law, the relationship in (9) can be derived based on the equivalent magnetic 
circuit in Fig.4(a). Based on (9), the effective current in the secondary winding (ie4) is coupled to the flux in the 
primary(Φ1), secondary (Φ4) and series (Φ3) windings as well as the magneto-motive force in the primary (F1) and 
series (F3) windings. Assuming an ideal transformer, the effect of core reluctances can be considered minimal based 
on the core material used and as long as the flux through the core is in the linear operation region of the B-H 
characteristics [20]. Therefore, neglecting the effect of core reluctances, the magnetomotive forces would be equal 
such that F1+ F2≈F3≈F4. Using this assumption, the current in the secondary winding (i4) would be dependent on Φ1, 
Φ2, Φ3 and F2 as shown in (10). Considering that Φ1 and Φ4 are constants, i4 would be affected by Φ3 and F2 which 
are equivalent to series winding voltage (v3) and shunt winding current (i2). It can be concluded that the required v3 
to regulate i4 is dependent mainly on the leakage reluctances. 
𝐹𝐹4 = 𝑁𝑁4𝑖𝑖𝑒𝑒4 =
ℜ4(𝛷𝛷4(2ℜ𝑌𝑌ℜ0ℜ1ℜ3 + ℜ𝐿𝐿ℜ0ℜ1ℜ3 + ℜ1ℜ3) + 𝛷𝛷1ℜ1ℜ3 − 𝐹𝐹1ℜ3 + 𝛷𝛷3ℜ1ℜ3 − 𝐹𝐹3ℜ1)
ℜ1ℜ3(2ℜ𝑌𝑌ℜ0 + ℜ𝐿𝐿ℜ0 + ℜ0ℜ4 + 1)
   (9) 
𝐹𝐹4 ≈ 𝑁𝑁4𝑖𝑖4 ≈








  (10) 
 Similarly, the magnetomotive force in the primary winding (F1) can be represented as in (11). Using the 
previous assumption of neglecting core reluctances, the equation results in the ideal transformer state where 
F1+F2≈F4. This entails that the current in the primary winding (i1) is dependent on the current supplied through the 
shunt winding (i2) as well as the current in the secondary winding (i4). Therefore, the shunt winding can provide 
harmonic and fundamental current components eliminating their requirement from the primary winding. 
𝐹𝐹1 = 𝑁𝑁1𝑖𝑖𝑒𝑒1 =
(2ℜ𝑌𝑌 + ℜ𝐿𝐿)ℜ1ℜ4(𝛷𝛷1 − 𝛷𝛷4) − 𝐹𝐹2ℜ1ℜ4 + 𝐹𝐹4�ℜ1ℜ4 − ℜ1(2ℜ𝑌𝑌 + ℜ𝐿𝐿)�
ℜ1ℜ4 + ℜ4(2ℜ𝑌𝑌 + ℜ𝐿𝐿)
(11) 
III. DESIGN CONSIDERATIONS 
A. WINDINGS 
Certain design aspects must be taken into consideration for selection of appropriate shunt and series converters 
of a CPAT. As discussed in [20] and [21], the CPAT reduces the total number of windings required to implement a 
series-shunt compensation system. The preliminary design ratio values of the primary and secondary turns (N1, N4) 
are determined as in a typical transformer through their required operating voltages in (12). With a pre-determined 
shunt converter voltage, the shunt winding turns (N2) can be estimated using (12). Moreover, the relationship in (13) 
should be maintained in the determining the maximum primary, shunt, series and secondary winding current (i1max, 
i2max, i3max, i4max). With a pre-determined series converter current, the series winding turns (N3) can be estimated 









  (12) 
𝑁𝑁1𝑖𝑖1𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑁𝑁2𝑖𝑖2𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑁𝑁3𝑖𝑖3𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑁𝑁4𝑖𝑖4𝑚𝑚𝑚𝑚𝑚𝑚   (13) 
In a CPAT, the series voltage varies depending upon design parameters as well as voltage and current across 
each winding. Using pre-determined design parameters, the equivalent magnetic circuit in Fig.4 can be utilized to 
determine the resultant series voltage under various operating points for a selected number of turns. Neglecting the 
effect of core-reluctances and leakage reluctances, the maximum open-circuit voltage across the series winding can 
be expressed as follows: 









   (14) 
B. STRUCTURE 
A three-phase CPAT can be compared in structure to a three-phase series-shunt compensation system consisting 
of single-phase shell type transformers and three-phase core type transformers. Using the methodology discussed in 
[20] to determine the core size reduction, three compensation scenarios are compared to a three-phase CPAT. The 
results of this comparison are tabulated in the following subsection. 
The first configuration compares a three-phase CPAT to a three-phase compensation system consisting of three 
single-phase shell type shunt transformers, series transformers and power transformers such that the power 
transformer is between both compensation transformers as shown in Fig. 8. Each transformer consists of limbs type 
a1, c1 and yokes b1.  As in the methodology presented in [20], it is assumed that limbs type a1 and yokes type b1 are 
equal, while limb type c1 is considered double the size of type a1 due to its required power handling capability. 
Moreover, it is assumed that the relationship between the core size of each power transformer and each 
compensation transformer is linear for all core elements. 
The structure of a three-phase shell type CPAT can be divided similarly into core limbs and yokes as shown in 
Fig.9. In a CPAT, limbs a2 and yokes b2 are considered to be equal and double the size of a typical single-phase 
shell type transformer (a2 = 2a1) due to their required power handling capability. Series compensation limbs are of 
the same core size as a typical compensation transformer with a core size reduction factor m1. Design of the 
common yokes between phases is based on the core material capability to operate without saturation. The common 
core factor m2 would have a value between 1 to 2, which is equivalent to three single-phase CPATs stacked on top 
of each other (m2=2) and three single-phase CPATs sharing one yoke of the same size as all other yokes (m2=1).  
 
Fig. 8.  Configuration of a three-phase compensation system using single-phase transformers 
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In the second configuration, a three-phase CPAT is compared to a three-phase compensation system consisting 
of a three-phase shunt transformer, three-phase series transformer and three-single phase shell type power 
transformers such that the power transformer is between both compensation transformers as shown in Fig. 10. Since 
windings in a three-phase transformer are wound on each limb, it is assumed that each limb in a compensation 
transformer to be a factor of the power handling limb c1. 
 
Fig. 10.  Configuration of a three-phase compensation system using single-phase power transformers and three-
phase compensation transformers 
The last configuration compares a three-phase CPAT with three three-phase transformers as in Fig.11. Notice 
that each limb in the power transformer has been labeled c1 since all limbs are equal and handle power delivery 
between primary and secondary. 
 
Fig. 11.  Configuration of a three-phase compensation system using three-phase transformers. 
C. SUMMARY 
Table I shows the comparison summary of a three-phase CPAT in terms of reduction in number of windings, 
number of tanks and core size. It can be observed a CPAT would reduce the number of windings required as 
compared to any other configuration. In terms of number of tanks, the CPAT in Fig.2 requires the same number 
tanks as compared to the typical three-phase compensation system shown in Fig.11. However, the three-phase shell 
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compared to Fig.11 is not beneficial mainly due to the larger core yokes required for better coupling between 
primary and secondary limbs. However, if a CPAT is compared to the systems in Fig.8 and Fig.10, core size 
reduction is possible under the constraints of m1 and m2. 
Table I 
Evaluation of CPAT vs. other transformer configurations 
 CPAT configuration 
Compensation configuration 






Number of tanks 
reduction 
Fig. 3 Yes (88.8%) Yes (80%) Yes (66%) 
Fig. 2 Yes (66.6%) Yes (40%) Equal 
Core Size reduction 
Fig. 3 (m2=1) Yes (m1>9.5%) Yes (m1>28.6%) No (m1>128.5%) 
Fig. 2 Yes (m1>28.6%) Yes (m1>85%) No (m1>185.7%) 
 
The proposed three-phase shell type CPAT is similar in shape to a typical three-phase shell type transformer. 
However, a three-phase shell type transformer has the power handling limbs in the center of the transformer, while 
the outer limbs handle the core energizing flux and the zero-sequence component arising from unbalance. 
Meanwhile, a three-phase shell type CPAT has significantly larger outer limbs for handling the power exchange and 
smaller central limbs to handle the series compensation power. Common yokes as well are significantly larger in the 
proposed structure since the flux flowing through such yokes is produced mainly by the power handling windings. 
Though, the proposed structure can be considered as a modified three-phase shell type transformer. Such structure 
provides the required voltage transformation between the primary and secondary as well as providing grid services 
through isolated connection of fractional power converters. 
IV. SIMULATION ANALYSIS 
Based on the analysis in Section II, the three-phase CPAT can be used to regulate power flow between the 
primary and secondary winding as well as regulate harmonics and reactive power in the primary winding. The 
configuration in Fig.2 will be analyzed with a control setup to achieve these demands. To realize the limitations of a 
CPAT to operate as a UPFC, Fig.3 has been analyzed with a series voltage sweep test up to the rated transformer 
voltage. 
Using the modelling approach discussed in Section II, the CPAT configurations in Fig.2 and Fig.3 have been 
modeled based on the parameters presented in Table II. The transformer model consists of number of turns N, limb 
length lL, yoke length lY and limb area A. Common core yokes between phases in Fig.3 were considered double the 
area of other yokes (m2=2) and all core material follow a flux density (B), flux intensity (H) relationship shown in 
Fig.12.  
In this analysis, primary and secondary windings were connected to the same source grid such that the CPAT 
would inject a voltage between these windings to control the power flow. This entails that at nominal operation 
while both shunt and series converters disabled, there would be no power flow between the primary and secondary 
since they are both excited with an equal voltage. 
TABLE II 
CPAT and Converter Parameters 
Parameter Value 
Grid voltage/phase 220V 
vp1, vp2, vp3, vp4 240V, 240V, 480V,240V 
ip1, ip2, ip3, ip4 70A, 7.2A, 7.2A, 70A 
Rpk, Rc 0.02 p.u., 0.02p.u. 
lL, lY 0.51m, 0.3m 
A 0.0156 m2 
Np1, Np2, Np3, Np4 50, 50, 100, 50 
Vdc 700V 




L1sh, L2sh, Lser 6mH, 2mH, 7mH 
Rsh, Rser 4.7Ω, 2.35 Ω 
Csh, Cser 5µF, 10µF 
 
Fig. 12.  BH characteristics of the core material with 1.8T nominal flux density. 
In this setup, each converter operates independently with no link between the shunt and series converter except 
the measured grid voltage. The shunt converter has three functions which are to maintain a constant DC bus voltage, 
control reactive power through the primary and eliminate harmonic currents present at the primary winding. 
Meanwhile, the series converter controls the active and reactive power through the secondary winding according to a 
set reference. 
A. SHUNT CONTROLLER 
 The utilized Shunt Controller shown in Fig.13 consists of DC Bus controller, Reactive Power Controller, 
Harmonics Controller and a Shunt Current Controller. The DC Bus controller maintains a constant DC bus voltage 
across both DC capacitors using two PI controllers which generates the reference direct and zero sequence 
components of the shunt converter current (I2d*, I20*). These components achieve split capacitor voltage balance 
(vdc1, vdc2) as well as a total DC bus voltage (vdc) control to match the reference DC bus voltage (Vdc*). 
The Reactive Power Controller generates the quadrature component of the reference shunt converter current 
(I2q*) through a PI controller. The reference primary reactive power (Q1*) is set by the user and the controller 
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The dq0 components of the reference shunt converter current are transformed to their equivalent three-phase 
reference fundamental component (ip2f*) through the primary synchronizing signal (ꞷt1).  A Double Second-Order 
Generalized Integrator Frequency Locked Loop (DSOGI-FLL) [20] is utilized in each converter controller to 
determine the synchronizing signals (ꞷt1, ꞷt4) and frequencies (ꞷ1, ꞷ4). However, both signals are equal since as 
mentioned earlier that both the primary and secondary are excited by the same voltage. 
The Harmonics Controller consists of several cascaded Resonant Controllers tuned to the required harmonics 
attenuation frequencies such that the resulting reference shunt harmonic currents (ip2h*) would attenuate the primary 
current harmonics. Finally, the Shunt Current Controller determines the reference output voltage of the shunt 
converter (vp2*) through a Proportional Resonant (PR) controller tuned to the primary fundamental frequency (ꞷ1).  
It should be noted that the CPAT in [20] consisted of a Reactive Power Compensator in series to the DC Bus 
Controller which acted on controlling the primary current through the shunt winding. It is possible to implement 
such control configuration in this setup as well to investigate inrush current mitigation through the CPAT. However, 










































Fig. 13.  Shunt converter controller structure. 
B. SERIES CONTROLLER 
The Series Controller discussed in [26] is shown in Fig.14 consisting of two control loops. The PQ Controller 
generates the reference stationary reference frame of the secondary current (i4α*, i4β*) using reference active power 
(P4*), reactive power (Q4*) and stationary reference frame secondary voltage values (i4α*, i4β*) as in (16). The 
components i4α* and i4β* are transformed to their equivalent three-phase quantities (ip4*) for the reference of the 






























Fig. 14.  Series converter controller structure. 
C. SIMULATION RESULTS OF THREE PHASE CPAT 
With the primary and secondary windings excited, the primary current shown in Fig.15(a) illustrates the 
waveform of the CPAT magnetizing current and DC bus charging current. Fig.15(a) shows that the primary current 
consists of 2nd, 3rd and 5th order harmonics at 5%, 20% and 10% of the fundamental frequency magnitude. The 
Harmonics Controller, tuned to these harmonic components, has reduced each component to less than 5% of the 
fundamental frequency as shown in Fig. 15(b). On the secondary side of the CPAT, the secondary current remains 
supplying the harmonic currents required to magnetize this side of the CPAT. Elimination of such harmonic currents 
is possible through a shunt winding at the secondary limb as in the generalized configuration shown in [20]. In such 
a configuration, the required magnetizing current by the CPAT would be supplied through two shunt converters. 
This paper focuses on the concept of supplying magnetizing currents through the shunt winding of a CPAT while 
total magnetization through several converters is outside the scope of this paper. 
The reference primary reactive power was set to 0kVAR such that all the reactive power required by the 
transformer will be supplied through the shunt converter. At the instant shown in Fig.16, the Reactive Power 
Controller was enabled which increased Q2 from the shunt converter to match the required power by the 
transformer. Notice the change in Q1 from 500VA to 0VA as the Reactive Power Controller was enabled as the 
shunt converter injects the required reactive power Q2. Meanwhile, the shunt converter absorbs active power P2 to 
maintain a constant DC bus voltage. 
Power flow control was achieved as shown in Fig. 17 by enabling the Series Controller with a reference active 
and reactive power of 8kW and 2.5kVAR, respectively. The Series Controller injects reactive power Q3 through the 
series winding hence changing the power flow according to the required reference P4 and Q4. Active Power supplied 
through the series converter P3 is mainly to compensate for winding resistance losses and core losses. 
  
(a) (b) 
Fig.15.  Primary current waveform and harmonics (a) without harmonic compensation and (b) with harmonic 
compensation. 
 
Fig. 16 PQ of primary and shunt winding during activation of Reactive Power Controller. 















































































































































































Fig. 17.  PQ of secondary and series during activation of Series Controller. 
D. SIMULATION RESULTS OF THREE-PHASE SHELL TYPE CPAT 
With a common voltage at the primary and secondary windings of the CPAT in Fig.3, a magnitude and 
angle sweep test was performed on the series winding with a maximum voltage of 480V/phase. The result illustrated 
in Fig.18 shows the ability of the CPAT to control the active and reactive power flow between primary and 
secondary according to the applied series voltage. Under such test condition, the series winding supplies reactive 
power to vary the impedance between the primary and secondary hence varying the power flow between them. The 
contour shown in Fig.18, illustrates the maximum permissible power flow control that can be maintained with the 
selected series converter in Table II. Based on the utilized model and converter, 23% of the maximum power can be 
controlled using the selected series converter. The relationship between the maximum power flow control that can 
be achieved with the utilized CPAT and series converter power is shown in Fig. 19.  
 
Fig. 18. Sweep test of three-phase shell type CPAT and its equivalent contour showing operation limits. 


























































































Fig. 19. Relationship between series converter power limit and maximum power flow. 
To investigate the effect of the common limb in a three-phase shell type CPAT, the common yokes are assumed to 
be 1.3 times the size of other yokes (m2=1.3). A comparison in harmonic contents between three single-phase 
CPATs and three-phase shell type CPAT is shown in Fig.20. The results show the similarity in both configurations 
results as well as the effectiveness of the shunt converter to eliminate the tuned harmonic components. 
  
(a) (b) 
Fig. 20.  Harmonic spectrum of primary and secondary current with compensation. (a) Three-single phase CPATs 
and (b) Three-phase shell type CPAT. 
E. HYSTERESIS AND SATURATION EFFECT 
As discussed in [20] and [21], the hysteresis effect of the core mainly affects the primary and secondary current 
harmonics. For the three-phase CPAT results in Fig.16 and Fig.17, the limb fluxes shown in Fig. 21 presents the 
operation BH characteristics of the core limbs with respect to the core characteristics. It can be observed that the 
primary and secondary limbs operate at the nominal range shown in Fig. 12. However, the central limb operates at a 
lower range since the required injected voltage is much lower than the rated voltage of the central winding. 
Similarly, this can be observed in the three-phase shell-type CPAT limbs and yokes in Fig. 22 for the results 
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presented in Fig.20. Since the common yokes has been selected to be twice the size of outer yokes, it can be seen 
that the common yoke size can be further reduced in size to further utilize the core. 
Assuming a 10% increase in the injected primary and secondary voltage, the core flux would operate outside the 
design boundaries of the BH characteristics and saturation of the core during each cycle is eminent. In such a case, 
low order harmonics would significantly increase at the primary and secondary side as shown in Fig. 23. Thanks to 
the shunt harmonics controller, it can be observed that the primary current low order harmonics do not increase as 
much as the secondary since the shunt controller provides such harmonic saturation currents to the primary side of 
the transformer. 
 
Fig. 21.  BH characteristics of core limbs in a three-phase CPAT during nominal operation. 
 




Fig. 23.  Primary and secondary current under core saturation due to overvoltage. 
V. EXPERIMENTAL RESULTS 
A. STIFF GRID 
The configuration in Fig.2 was implemented as shown in Fig.21 using three 50kW, three-phase multi-winding 
transformers, each representing a single-phase CPAT with the parameters presented in Table II. Each phase of the 
transformer consists of 240V/240V/2.1kV windings each rated at 69.5A/7.2A/7.2A. Primary and secondary 
windings are considered to be the windings on the left and right limb, respectively (phase ‘a’ and phase ‘c’ of the 
three-phase transformer).  Two 5kW converters controlled via two DS1103 were utilized for shunt and series 
compensation. 
In this transformer, there are three set of windings available at the center limb. The 240V/69.5V and 240V/7.2A 
windings were connected in series to achieve higher voltage ratings and lower current requirement. The left limb 
and right limb 240V/69.5A windings are connected to a common stiff grid of 220V. The shunt converter is 
connected to the 240V/7.2A winding of the left limb to preform shunt compensation. A DC power supply was used 
to start-up the setup, then the power supply was switched off while the shunt converter regulated the DC Bus to a 
constant 700V. 
Magnetizing harmonic currents and DC bus charging current present at the primary side (ip1) are shown in 
Fig.22(a). Notice that magnetizing current harmonics are significant in this case since a larger portion of the core is 
being magnetized through a CPAT with 2nd, 3rd and 5th order harmonics at a magnitude of 4.6%, 51.3% and 15.67% 
respectively. The shunt converter was enabled to supply these harmonic components while maintaining a constant 
DC Bus as shown in Fig.23(a) and Fig.23(b). The resulting primary current waveform shown in Fig.22(b) illustrates 
the effectiveness of the shunt winding to eliminate harmonic components present in the primary current to less than 
0.33% of the fundamental component. 
 Primary reactive power control can be observed in Fig.24 as the reference reactive power is changed from 
0VAR such that vp1 and ip1 are in phase as shown in Fig.24(a) to 2500VAR as shown in Fig.24(b). In this operation 
scenario, the shunt converter absorbs active power to maintain a constant DC bus while supplying/absorbing 
reactive power to achieve the required reference reactive power at the primary winding. 
A 12kW resistive load was connected to the primary winding to illustrate the possibility of sharing the load 
power between primary and secondary winding. Power flow control between primary and secondary was achieved 
by changing the reference power at the secondary (Pp4) from -0.5kW to 8.5kW as presented in Fig.25 such that the 
primary line would supply the remaining 3.5kW of the load. Meanwhile, reactive power at the secondary side (Qp4) 
was maintained zero.  
 
Fig.24. Laboratory setup of three-phase CPAT. 
  
(a) (b) 
Fig.25. Primary voltage and current (1sec/div and zoom 5msec/div) (a) without harmonics compensation and (b) 
with harmonics compensation. 
 
Fig.26. Shunt converter current with harmonics compensation enabled. (a) waveform and (b) harmonics spectrum. 
  
(a) (b) 
Fig.27. Primary current reactive power control (3sec/div and zoom 20msec/div) (a) zero reference and (b) 2500VAR 
reference. 
 
Fig. 28. Transformer power during active power change from -500W to 8.5kW (500msec/div). 
B. 5-BUS POWER SYSTEM 
To investigate the operation of a three-phase CPAT in a power system, the CPAT was utilized in a 5-bus power 
system case study shown in Fig.29. The case study consists of two machines G1 and G2 each rated 1000MVA and 
1200MVA, respectively. The CPAT was placed between the generator bus (B1) and the transmission bus (B3) to 
replace a 1000MVA step-up transformer for the 50km transmission line to the load bus (B5). The CPAT was 
modeled based on the configuration shown in Fig.7 (neglecting hysteresis effect) with the equivalent parameters 





























Fig. 29. Single-line diagram of 5-bus power system case study with a three-phase CPAT model. 
TABLE II 
Parameters of the Average CPAT and Converter Model 
Parameter Value 
Simulation step-time 0.1µsec 
Rated Power/CPAT 333MVA 
vp1, vp2, vp3, vp4 138.5kV, 138.5kV, 138.5kV,288.6kV 
Rpk, Repm 0.002 p.u., 500 p.u. 
Lpk, Lepm, L0 0.002 p.u., 500 p.u., 0.003 p.u. 
vdc1, vdc2 250kV 
Control sampling frequency 10kHz 
In this system, the series winding of the CPAT-UPFC is utilized to control active power through the 50km 
transmission line and regulate the load bus voltage (Vload). Since the CPAT-UPFC is not connected at the load bus, a 
100msec delay is considered in the measured load bus voltage to account for communication delay [27]. The CPAT 
also regulates reactive power absorbed between B1 and B3 through its shunt winding. A 500MW,750MVAR load is 
suddenly connected on bus B5 at T=15secs to investigate the effectiveness of a CPAT to regulate load bus voltage 
and power flow through the system. 
Using the OPAL-RT, a real-time smulation of the 5-bus power system was performed to investigate the stability 
of the power system with the CPAT in operation. The effect of the CPAT on G1,G2 and the grid during the  
connection of the 500MW,750MVAR shown in Fig.30. Reduction in G1 active and reactive power oscillations as 
well as G2 reactive power can be observed with the operation of the CPAT. Moreover, Fig.31 shows the primary 
and secondary windings oscillations were reduced as the CPAT controllers were enabled. 
 
Fig.30. Active and reactive power through G1,G2 and grid without a CPAT (black lines) and with a CPAT. 
 
Fig.31. Active and reactive power through transformer windings without a CPAT (black lines) and with a CPAT. 
VI. CONCLUSION 
This paper presented the three-phase CPAT in two possible configurations. Both configurations were modeled and 
analyzed based on their equivalent magnetic circuit showing that both configurations operate identically. Moreover, 
core structure of the three-phase shell type transformer has been compared to several shunt-series compensation 
configurations to investigate the limitations and benefits of a three-phase CPAT. The analysis shows that the three-
phase CPAT can be mostly beneficial when utilized instead of a compensation system consisting of multiple three-
phase transformers. In addition, the CPAT requires a reduced number of windings as well as supporting structure 
and protection equipment. Finally, simulation and experimental analysis of a power flow control application shows 
the applicability of a three-phase CPAT to effectively achieve shunt and series services to the grid through fractional 
power converters. 
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